Abstract On the basis of fundamental genetic transformation technologies, the goal of this study was to optimize Tetraselmis subcordiformis chloroplast transformation through the use of endogenous regulators. The genes rrn16S, rbcL, psbA, and psbC are commonly highly expressed in chloroplasts, and the regulators of these genes are often used in chloroplast transformation. For lack of a known chloroplast genome sequence, the genome-walking method was used here to obtain full sequences of T. subcordiformis endogenous regulators. The resulting regulators, including three promoters, two terminators, and a ribosome combination sequence, were inserted into the previously constructed plasmid pPSC-R, with the egfp gene included as a reporter gene, and five chloroplast expression vectors prepared. These vectors were successfully transformed into T. subcordiformis by particle bombardment and the efficiency of each vector tested by assessing EGFP fluorescence via microscopy. The results showed that these vectors exhibited higher efficiency than the former vector pPSC-G carrying exogenous regulators, and the vector pRFA with Prrn, psbA-5 0 RE, and TpsbA showed the highest efficiency. This research provides a set of effective endogenous regulators for T. subcordiformis and will facilitate future fundamental studies of this alga.
Introduction
Tetraselmis subcordiformis is a marine unicellular green alga and a widely used feed in aquaculture by virtue of its high nutrient content. Currently, T. subcordiformis has been observed to generate hydrogen (H 2 ) gas in a two-stage bio/photosynthetic process, which yields the alga a potentially useful resource for H 2 photo-evolution (Guo et al. 2008) . However, to date, T. subcordiformis has been found to produce minimal H 2 gas in a short time (72 h). Transgenic techniques have great potential to both improve this alga's nutrient content and its H 2 production.
There is a single, large, cup-shaped chloroplast in T. subcordiformis cells, which facilitates its chloroplast transgenic manipulation. Chloroplast transformation has many advantages, such as high expression concentrations of foreign genes (De Cosa et al. 2001) , the homologous integration of foreign genes, and coexpression of multigenes (Quesada-Vargas et al. 2005; Ruhlman et al. 2007 ). Thus, in T. subcordiformis, it is possible to obtain high chloroplast expression of foreign nutrient-related protein. As with other H 2 photo-evolution green algae (Guan et al. 2004 ), the main process of H 2 production occurs in T. subcordiformis chloroplasts. On the basis of chloroplast genetic transformation, it is possible to manipulate target chloroplast genes directly through homologous recombination.
In earlier research in this laboratory, a chloroplast transformation system for T. subcordiformis was established using a particle bombardment method (Cui et al. 2014) . However, the transformation efficiency was lower than expected. There might have been two main reasons for this low efficiency. First, the plastid was constructed with foreign regulators from Chlamydomonas reinhardtii and these foreign genes were not optimized with the native codon usage preferences. Previous studies regarding nuclear transformations have indicated that endogenous regulators have higher efficiency than exogenous (Apt et al. 1996) . Because of the lack of sufficient sequence information of T. subcordiformis chloroplast genes for codon optimization, the only available method is to apply native effective regulators to foreign genes to raise the transformation efficiency.
Commonly used regulators in chloroplast transformation contain regulators of highly expressed genes, such as rrn16S and rbcL genes in higher plants and green algae (De Cosa et al. 2001; Chiyoda et al. 2007 ). The enhanced green fluorescent protein gene (egfp gene) has been found to be effective in T. subcordiformis chloroplasts (Cui et al. 2014) . In this paper, regulators of rrn16S, rbcL, psbA, and psbC genes from T. subcordiformis chloroplasts were cloned and homologous plasmids constructed that contained the egfp gene castle with these native regulators. The results obtained showed that transformation efficiency was higher with native regulators compared with foreign regulators.
Materials and methods
Strain, growth condition, and medium Tetraselmis subcordiformis, obtained from the Dalian Institute of Chemical and Physics (Chinese Academy of Sciences, Dalian, China) was cultured in f/2 liquid medium or on agar plates at 23°C under a light intensity of 80-90 lmol photons m -2 s -1 , with a photoperiod of 12 h/ 12 h (light/dark).
The CTAB method (Sambrook and Russell 2001 ) was used to isolate total DNA of T. subcordiformis at the midlogarithmic phase. The DNA obtained was used as a template in the following PCR experiment to obtain the target gene fragments. The regulators of the genes rrn16S, rbcL, psbAI, and psbC with usually high expression efficiency were the targets in this study. Portions of the gene sequences were reported to the National Center for Biotechnology Information. The full lengths of targeted fragments were obtained by the genome-walking method with a Takara Genome Walking Kit (Takara Biotechnology, Dalian, China). Primers for genome walking are listed in Table 1 . Fragments were then amplified with added primers and using specific restriction endonuclease sites (Table 2 ) and then cloned into the pMD 18-T vector for further experimentation. The plasmid EGFP-N1 (Clontech Laboratories, Inc., Madison, WI, USA) was used as the template for cloning the egfp gene. The fragments were sequenced by the Sangon Biotech Co., Ltd. (Shanghai, China).
Biotechnologic analysis
Blast software at the NCBI (http://www.ncbi.nlm.nih.gov/) was used to analyze the homology of resulting fragment sequences and ClustalW software used to do multiple sequence alignment. At last, the website (http://bioinfor matics.psb.ugent.be/webtools/plantcare/html/, PlantCARE, Lescot et al. 2002) were used to analyze the 5 0 flanking regions.
Construction of expression plasmid
The fragments in the previous step were digested by restriction enzymes and cloned into the plasmid pPSC-R that has been constructed in previous studies (Cui et al. 2014 ) using endogenous fragments rrn16S-trnI (left) and trnA-rrn23S (right) as recombination sites (Fig. 1) . The egfp gene was used as a reporter gene in these plasmids and Table 1 Sequences of primers used in the genome-walking method
Primers
Oligonucleotide sequence 5 0 -3
the plasmids maintained in Escherichia coli Top 10 cultures.
Transformation with particle bombardment
The algal culture was harvested at its logarithmic phase by centrifugation at 5000g for 5 min at 4°C. For each bombardment, 50-100 lL of cell suspensions (with about 1 9 10 8 cells) were layered onto the central area of a 2-cmdiameter f/2 agar plate. Plasmid DNA with the amount of 12 lL (1-2 lg) was coated onto gold carrier particles according to a previously published method by Jiang et al. (2002) . During bombardment, particles traveled 6 cm and a 900-psi rupture pressure used. After transformation, T. subcordiformis cells were transferred to fresh f/2 liquid medium and cultured in darkness for 8 h. Cells bombarded with uncoated gold particles were used as negative controls. All experiments were performed in triplicate.
Detection of GFP transient expression
The egfp gene expression in transformed cells was examined using a Nikon Eclipse 50i microscope (Nikon Corp., Tokyo, Japan) with blue-light excitation (450-520 nm) 48 h after bombardment. Transformed cells were selected by comparing their color under fluorescence with that of negative controls. Photographs were taken with a 5-s exposure time and analyzed with Adobe Photoshop software. Finally, the transformation rate was calculated according to the following formula:
Transformation rate
¼

Positive cells Detected cells Â proportion of detected cells :
Results
In this research, five fragments, including the 5 0 -flanking region of 16S RNA, psbA and the 3 0 -flanking regions rbcL, psbA, and psbC, were cloned successfully. Analyses identified six putative regulator fragments, including Prrn (Gen Bank No. KU563211), PpsbA (Gen Bank No. KU563215), TpsbA (Gen Bank No. KU563214), TpsbC (Gen Bank No. KU563212), TrbcL (Gen Bank No. KU563213), and psbA-5 0 RE (a regulator element, Gen Bank No. KU563215). Through analysis of PlantCARE software, many cis-acting regulatory elements were found in Prrn and PpsbA (Table 3) , especially the CAAT Box and TATA Box evenly distribute in both the fragments. Five vectors, pRFA, pRFC, pRFL, pFC, and pFL, with the egfp gene as a reporter gene, were constructed using these six fragments. Maps of plasmids are described in Fig. 2 . After particle bombardment, some cells exhibited green-yellow fluorescence under blue-light excitation, while negative cells showed the characteristic red chlorophyll fluorescence (Fig. 3) . These observations indicated that the egfp gene was successfully expressed in some cells.
The expression efficiencies of the foreign vectors were estimated by observing transient expression of green fluorescent protein (Table 4) . Plasmid pRFA showed the highest efficiency among the five vectors. Compared with plasmid pPSC-G, constructed with regulators from C. reinhardtii (Cui et al. 2014 ) and an efficiency of 1.3 9 10 -6 , plasmids with endogenous regulators were all more efficient.
Discussion
Five chloroplast vectors were constructed with regulator fragments Prrn, PpsbA, TpsbA, TpsbC, TrbcL, and psbA-5 0 RE from the T. subcordiformis chloroplast genome. Then, these vectors were introduced into algal cells through particle bombardment. Based on the observed transient expression of green fluorescent protein, it was concluded that the pRFA vector with Prrn, psbA-5 0 RE, and TpsbA regulators showed the highest transformation efficiency.
It is generally accepted that the efficiency of regulatory elements (promoters) is higher than foreign promoters for chloroplast transformation (Fukuda et al. 2008; Ruhlman et al. 2010; Wei et al. 2012) . Prrn (Svab and Maliga 1993; Sidorov et al. 1999) , PpsbA (Li et al. 2011) , TpsbA (Svab and Maliga 1993; Sidorov et al. 1999) , and TrbcL (Doetsch et al. 2001; Cui et al. 2014 ) are commonly used endogenous regulators. Prrn, as a promoter, is derived from plastid-encoded 16S RNA, and TpsbA, as a terminator, comes from the psbA gene that encodes endogenous PS II protein D1 (Ruhlman et al. 2010) . Furthermore, Prrn is a strong rRNA operon promoter that usually drives transgenic expression (Kuroda and Maliga 2001) .
Ribosomal combination sequences, such as 5 0 -UTR and 3 0 -UTR, are helpful for stabilizing mRNA and achieving high-level expression of foreign genes. In particular, 5 0 -UTR plays a more important role than 3 0 -UTR for enhancing foreign protein accumulation. The most commonly used 5 0 -UTR is psbA-5 0 RE . Thus, native regulatory elements, including psbA-5 0 RE and a strong promoter and terminator, ensure that Prrn-TpsbA regulators possess the highest efficiency. To date, only a few algal plastid-transformation studies have been reported. The present study verified the highlevel expression efficiency of Prrn, psbA-5 0 RE, and TpsbA regulators in transformation of T. subcordiformis chloroplasts, which might prove to be a powerful tool for future studies and beneficial applications of this alga.
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